Introduction
Surface X-ray diffraction (SXRD) in which the primary or scattered beam forms a shallow angle with the surface plane, has become an established and powerful technique for identifying the atomic arrangement in low-dimensional ®lms (Robinson & Tweet, 1992) . Its strength lies in the weak interaction of the Xrays with the electrons in the sample, allowing multiple-scattering effects to be neglected and a kinematic approximation to be used for data analysis. A high¯ux of X-rays is required to achieve measurable diffraction signals and, consequently, most experimental arrangements use synchrotron radiation. The large X-ray penetration depth allows studies in a variety of environments, including ultrahigh vacuum (UHV), in air, high-pressure cells and in liquids. UHV conditions allow the study of atomically clean surfaces and enable SXRD to be correlated with other surface science techniques. Several combinations of UHV system and diffractometer have been reported (e.g. Feidenhans 'l, 1989 , and references therein). Beamline 9.4 receives radiation from a 5 T wiggler at the Synchrotron Radiation Source (SRS). The white beam is focused, using a platinum-coated silicon toroidal mirror, onto a channel-cut Si(111) monochromator. This allows X-rays of a speci®c wavelength (in the continuous range 0.7±1.8 A Ê ) to be selected. A series of beam stops and four-jaw slits de®nes the incident beam on the sample. The scattered X-rays pass through two sets of four-jaw slits, which allow independent de®nition of the active sample area and the angular resolution of the detector. The diffractometer (Norris et al., 1986 (Norris et al., /1987 ) employs a vertical scattering geometry to take advantage of the polarization of the synchrotron beam. It consists of a four-circle arrangement mounted on a large rotary table (), allowing the circles and chamber to be turned about a vertical axis centred at the sample position. This enables the grazing angle to be set independently and increases the volume of measurable reciprocal space. An outof-plane assembly acts as a sixth circle () (Taylor et al., 1996) allowing the detector to be moved to a position 15 along an arc centred at the sample (see Fig. 1 ). Two partially overlapping regions of reciprocal space can then be accessed, extending the data range in the out-of-plane direction by approximately 50%. This increases the precision with which the positions of the atoms can be determined, normal to the surface. The mount is capable of supporting the liquid-nitrogen-cooled detector, which is generally too heavy for conventional diffractometer circles. This solid-state detector has superior energy resolution to that of a scintillation counter, allowing¯uorescence and higher-order scattering to be ®ltered out and providing a low background level.
The UHV environmental chamber is a stainless-steel vessel into which a 0.5 mm-thick beryllium window that extends over 220 of the circumference by 75 mm in width, has been welded. The inner side is protected by a removable Be foil of thickness 0.1 mm, which prevents evaporation onto the main window during sample cleaning and ®lm deposition. The chamber has ports directed radially towards the sample to allow crystal preparation, characterization and laser alignment. The vacuum is maintained by ion and titanium sublimation pumps. A turbomolecular pump is used for initial pumping down and during outgassing or argon-sputtering procedures. The base pressure of the system is in the low 10 À11 mbar range. SXRD requires that the sample and detector are positioned to satisfy a particular diffraction condition for set incident and exit angles (Lohmeier & Vlieg, 1993) . The detector is moved using the and (out-of-plane) axes. The sample is oriented by the 3 and 9 tables, in addition to the 1 arc (AE20 ). The movement is transmitted to the crystal by a two-stage differentially pumped rotatable seal and bellows (Taylor & Norris, 1991) . During rotation of the seal, pressure bursts in the chamber are less than 1 Â 10 À11 mbar.
A liquid-helium-cooled cryostat (Taylor & Norris, 1997) passes through the rotary seal and bellows. It houses a sample holder with integral heater and ensures that the crystal is at the centre of rotation of the diffractometer. All components lie below the sample surface, to avoid high background scatter. The sample is supported by two molybdenum legs, attached to electrical connectors in an alumina base plate. Two additional contacts power a ®lament located just behind the sample, allowing either radiative or electron bombardment heating.
It is essential that the holder is easily replaced in situ, but stable when locked in the manipulator. This is achieved using a centrally positioned rectangular connector in the alumina base plate. It acts as a locator during sample transfer and also ®xes the unit in place using a split collet, which is attached to a linear motion feedthrough on the manipulator (Taylor & Norris, 1997) . As the collet is retracted, it closes onto the pin; locking it rigid and positioning the sample correctly. The holder also forms a close ®t with an outer tube to aid stability.
Cooling is assisted by the collet and outer tube being attached to the cryostat cold ®nger. The outer support and locator pin are manufactured from copper, ensuring good thermal contact. This arrangement enables the crystal to cool from room temperature to 50 K, in approximately 60 min.
2.4. Low-energy-electron-diffraction (LEED) optics and sampletransfer chamber
Opposite the manipulator, one of two pieces of equipment may be mounted. The ®rst is a rear-view LEED unit supported on a custom-built drive mechanism (Taylor & Norris, 1988) . It is readily moved into position over a distance of 230 mm, allowing the surface geometry to be checked. This allows a quick observation of the reconstruction quality and enables correlations between the electron and X-ray diffraction data to be identi®ed.
In experiments requiring sample interchange, a transfer chamber can be mounted. It is a small UHV vessel housing a carousel with six indexed positions, one a hole to allow access into the main chamber and another electrically connected. This allows preliminary outgassing, thus preserving the integrity of the main-chamber vacuum. The remaining positions enable several samples to be stored under vacuum simultaneously. Holders are moved using a magnetically coupled transfer rod.
Auger equipment
Auger electron spectroscopy (AES) measurements are made using a high-energy electron gun and VSW HA-50 electronenergy analyser. The analyser is mounted on retractable bellows beneath the level of the detector, preventing clashes during diffractometer movement (see Fig. 1 ). This arrangement allows the chemical state of the surface to be determined and the Auger signal of either the substrate or the adsorbate to be monitored during growth, simultaneously with X-ray measurements. Correlations between features in the Auger curves and X-ray signal are readily observed. This provides a link between the X-ray measurements and laboratory-based techniques, where Auger equipment is standard.
Other equipment: evaporation sources, argon gun, hydrogen source
In addition to typical surface science equipment (e.g. argon sputter gun), up to six compact evaporation sources (Taylor & Newstead, 1987) can be used, enabling complex mixed adsorbate (or multilayer) systems to be studied. An atomic hydrogen source used for cleaning InSb substrates (Jones et al., 1998a) can also be mounted on a port pointing at the sample at an angle of 15 .
Results

In-situ growth measurements
A powerful insight into the adsorption of ultrathin layers is possible by monitoring the specularly scattered X-ray intensity during growth (Vlieg et al., 1988; . This re¯ectivity signal is sensitive to the perpendicular structure of the ®lm and can be calculated using kinematic scattering theory:
where f j is the atomic scattering factor of the jth atom, " the penetration depth, B j the isotropic Debye±Waller parameter and |a 3 | the bulk lattice parameter normal to the surface. The ®rst term describes the scattering from the undisturbed bulk. The second term includes contributions from the relaxed topmost layers of the substrate and the adsorbate. Here d n is the separation of the nth layer from the top of the undisturbed bulk Correlation between the specularly recorded X-ray signal (l = 0.8, wavelength ! = 0.76 A Ê ) and Auger signals of the substrate and adsorbate as a function of deposition time, for Tl grown on Cu(001) at room temperature. Plots have been normalized and offset for clarity. and n is the fractional coverage, relative to a complete bulk layer. The perpendicular momentum transfer (l) is intimately related to the specular angle. This equation can be used to ®t re¯ectivity data where the intensity is measured as a function of l (constant coverage) and growth curves where the coverage changes (constant l). Heteroepitaxial growth produces intensitȳ uctuations which depend on the relative scattering strengths of the atoms and the layer separation as well as the coverage. Fig. 2 shows a growth curve for Tl on Cu(001) . The simultaneous Auger and X-ray measurements at Daresbury allowed data from the European Synchrotron Radiation Facility (ESRF) to be compared with laboratory-based LEED/Auger results. There is a striking correlation between the two measurements; the major peak in the X-ray signal corresponds to a change in gradient of the Auger curves and all three signals level off at twice this peak coverage. These pro®les are attributed to the growth of a bilayer followed by island formation. con®rmed this using re¯ectivity measurements at different coverages. These data are inconsistent with earlier interpretations, where islanding was suggested to occur after growth of a single Tl layer. The sensitivity of the Xray signal is indicated by the feature present at 0.5 ML, which is not re¯ected in the Auger spectra. This is caused by the formation of an ordered surface alloy.
In-plane measurements from large-unit-mesh reconstructions
Surface diffraction from reconstructions with large unit cells has been dif®cult, due to the amount of data that must be collected. The focusing mirror, fast diffractometer motors and low-noise detector on Station 9.4 have allowed measurements from several large reconstructions, including InSb(001) c(4Â4) and c(8Â2) surfaces. Jones et al. (1998b) found that the top layer of the Sb rich c(4Â4) reconstruction is characterized by groups of six Sb atoms in a rectangular arrangement. The intra-dimer distance is 3.14 A Ê for the outer dimers and 2.91 A Ê for the middle one. These are slightly greater than the nearest-neighbour separation (2.87 A Ê ) in bulk rhombohedral Sb (Wyckoff, 1963) . A distance of 4.59 A Ê separates the dimers, and the model is consistent with sp 3 bonding.
The large amount of data which can be collected indicates that it is feasible to use advanced diffraction analysis, such as maximum-entropy techniques or direct methods, to solve surface structures.
Extended out-of-plane data
The out-of-plane detector assembly has allowed scattering at higher perpendicular momentum transfer (l) to be measured. This is important in the analysis of crystal truncation rod (CTR) and re¯ectivity data, where the intensity depends on the interference of X-rays from the bulk and surface regions. Fig. 3 shows (11l) and (10l) CTR data together with the re¯ectivity (00l) for a 2 ML-thick ®lm of Cr on a cooled Ag(001) substrate (Steadman et al., 1998) . The con®dence in the ®ts is increased by the points accessible using the out-of-plane mount. The layer structure is correspondingly better de®ned. The analysis assumes a roughness model in which the layer coverage is governed by a Fermi±Dirac distribution. It indicates occupancies of 0.99 (interface layer), 0.84 (second layer), 0.16 (third layer) and 0.01 (fourth layer), showing that the growth is almost layer by layer. The ®ts also reveal an expanded interface layer.
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Figure 3
Crystal truncation rods and re¯ectivity curve for a 2 ML ®lm of Cr grown on a cooled Ag(001) substrate, recorded using X-rays of wavelength 0.9 A Ê . The shaded region indicates the points that can only be accessed using the out-of-plane detector mount. The ®t is outlined in the text. Plots have been offset for clarity.
